. It has also been linked to the origination and diversification of early animals 3,5-7 . It is generally thought that the deep ocean was largely anoxic from about 2,500 to 800 million years ago 1-12 , with estimates of the occurrence of deep-ocean oxygenation and the linked increase in the partial pressure of atmospheric oxygen to levels sufficient for this oxygenation ranging from about 800 to 400 million years ago 3,5,7,11,13 . Deep-ocean dissolved oxygen concentrations over this interval are typically estimated using geochemical signatures preserved in ancient continental shelf or slope sediments, which only indirectly reflect the geochemical state of the deep ocean. Here we present a record that more directly reflects deep-ocean oxygen concentrations, based on the ratio of Fe 3+ to total Fe in hydrothermally altered basalts formed in ocean basins. Our data allow for quantitative estimates of deep-ocean dissolved oxygen concentrations from 3.5 billion years ago to 14 million years ago and suggest that deep-ocean oxygenation occurred in the Phanerozoic (541 million years ago to the present) and potentially not until the late Palaeozoic (less than 420 million years ago).
There is general agreement that between about 2,500 and 2,300 million years (Myr) ago, the partial pressure of oxygen in the atmosphere, p O ,atm 2 , rose from below to above approximately 10 −5 times present atmospheric levels (PAL) 16 . Estimates of when p O ,atm 2 exceeded these levels and the deep ocean became oxygenated range from 815 to 400 Myr ago 3, 5, 7, 11, 13 . Constraining the timing of deep-ocean oxygenation is important because it signals the beginning of modern marine biogeochemical cycles and has been causally linked (owing to the implied rise in p O ,atm 2 ) to the Neoproterozoic origination of animals (which require O 2 ) 3,5-7,9,10 . Most reconstructions of Mesozoic and older deep-ocean geochemical conditions are based on the chemical and isotopic composition of continental shelf and slope sediments 3-5,9-11 deposited below the storm wave base 9 (deeper than about 100 m). Neoproterozoic to Early Phanerozoic sedimentary successions suggest that continental deep waters varied from oxic, to ferruginous, to sulfidic, depending on the formation studied 3, 5, [9] [10] [11] , and record the geochemistry of spatially and temporally variable local water masses 9 /ΣFe ratios of unaltered oceanic basalts. Oceanic crust in ophiolites derives from a variety of settings including mid-ocean ridges and back-arc basins 18 . We take a lower Fe 3+ /ΣFe bound for mid-ocean-ridge basalts (whole-rock) of 0.10 (ref. 17) and an upper bound of 0.31 based on Lau Basin back-arc glasses 20 . Mean Archaean (>2,500 Myr ago), Palaeo-Mesoproterozoic (2,500-1,000 Myr ago), and Neoproterozoic (1,000-541 Myr ago) Fe 3+ /ΣFe ratios are 0.20 ± 0.04 (2 standard errors of the mean; s.e.m.), 0.26 ± 0.02 (2 s.e.m.), and 0.26 ± 0.05 (2 s.e.m.), respectively, and are within the range given for unaltered oceanic crust (0.10-0.31). Statistical pairwise testing (Methods; Extended Data Tables 1 and 2) shows that these means are statistically indistinguishable (P > 0.05).
Phanerozoic 
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Differences in Fe
3+ /ΣFe ratios between Precambrian and Phanerozoic ophiolite basalts are apparent in data histograms (Fig. 2) . Distributions for Precambrian ophiolites all show peak Fe 3+ /ΣFe ratios of 0.1-0.3, with a tail to higher values (Fig. 2a-c) ; we suggest that this tail reflects the recent oxidation of a few samples at Earth's surface. A shift to higher Fe 3+ /ΣFe ratios emerges in Early Palaeozoic ophiolites (Fig. 2d) , as the peak Fe 3+ /ΣFe ratio rises to 0.3-0.4. This increase continues through the Late Palaeozoic (peak from 0.5-0.7; Fig. 2e ) to the Mesozoic-Cenozoic (peak from 0.6-0.8; Fig. 2f ).
Late Palaeozoic and Mesozoic-Cenozoic ophiolites have bimodal Fe 3+ /ΣFe distributions, with a minimum in the range 0.4-0.5. In contrast, the Fe 3+ /ΣFe distribution of drilled Mesozoic-Cenozoic deep-sea basalts is unimodal, with a maximum (and mean) at about 0.4 (Fig. 2g) Letter reSeArCH over the past 3.5 billion years in our data. A shift in ophiolite formational environments from mid-ocean ridges to back-arc basins could likewise increase initial basalt Fe 3+ /ΣFe ratios 22 /ΣFe and total iron for Precambrian ophiolite basalts (Extended Data Fig. 2) ; we expect that samples with lower total iron will be more susceptible to metamorphic reduction owing to the lower extent of reaction (that is, the total moles of Fe reduced) needed to reach chemical equilibrium. For these samples, the slope between total iron and Fe 3+ /ΣFe is −0.003 (±0.006, 2σ), which is indistinguishable from zero at the 2σ level, and thus is inconsistent with a metamorphic control on the Fe . This compilation includes subaerially erupted rocks, which we expect, following the oxygenation of the atmosphere 2,500-2,300 Myr ago, to be oxidized at the surface by O 2 shortly after eruption. If these rocks also show low Fe 3+ /ΣFe until the Phanerozoic, it would support the general occurrence of metamorphic iron reduction in Precambrian rocks. This is not the case: from 3,850 Myr ago to 2,000 Myr ago, Fe 3+ /ΣFe ratios of continental volcanics show mean values similar to those of ophiolite basalts (0.2-0.3), increase from 2,000 Myr ago to 1,500 Myr ago, and then remain approximately constant to the present (Fig. 3) . We are unaware of common tectonic processes likely to produce such a specific global and temporal pattern of metamorphism in which continental volcanics preferentially escape reductive metamorphism in the Proterozoic while ophiolites do not. Rather, direct oxidation by atmospheric O 2 following the Proterozoic rise in p O ,atm 2 ( Fig. 3) provides a simple explanation for the increase in Fe 3+ /ΣFe of continental volcanics from 2,000 to 1,500 Myr ago.
Consequently, we propose that the Phanerozoic increase in Fe 3+ /ΣFe ratios of ophiolitic basalts reflects an increase in the hydrothermal flux of O 2 into oceanic crust. One possibility is that a large increase in the flux of already oxygenated seawater through oceanic crust occurred in the Phanerozoic. However, higher fluxes of seawater through oceanic crust have been proposed for the Precambrian relative to the Phanerozoic 24 and hydrothermally altered basalts as old 25 as 3,500 Myr can be found. We therefore consider a large Phanerozoic increase in the flux of seawater through oceanic crust an unlikely driver of the Fe 16 . This difference could result if only about 45% of all O 2 that enters oceanic crust is reduced, as opposed to the assumed 100%, which is acceptable given that our calculations are minimum estimates. Alternatively, some estimates of Mesozoic p O ,atm 2 are as low as 60%-70% of modern 26 , which would support our estimated lower-than-modern Mesozoic deep-ocean O 2 concentrations.
We propose that ophiolite Fe 3+ /ΣFe ratios provide direct, quantitative constraints on the O 2 content of the deep ocean from the Archaean to the Cenozoic. In particular, they indicate that the deep ocean became oxygenated only in the Phanerozoic and probably not until the late Palaeozoic (<420 Myr; Fig. 4a ). This is consistent with some previous studies 7,10,27 ( Fig. 4b) but contrasts with proposals for a Precambrian . This result is important because it provides direct evidence that the rise in p O ,atm 2 to levels sufficient to oxygenate the deep ocean (PAL >15%-50%) 1,3 postdates by hundreds of millions of years the Neoproterozoic origination of animals and is thus causally unrelated to this event.
What caused the rise in p O ,atm 2 that oxygenated the deep ocean and why it postdates the oxygenation of the atmosphere by about 2 billion years is debated, with hypotheses ranging from the radiation of vascular plants 27 . Such a minimization of these imbalances appears to have occurred over the past million years 29 . Finally, the oxygenation of the deep ocean also probably affected the solid Earth. This oxygenation would have led to increased Fe 3+ /ΣFe ratios in oceanic crust and more oxidized sediments in subducting slabs. This in turn would have increased the subducted flux of oxidized materials to the mantle over the past 540 Myr and caused a progressive oxidation of the mantle over the Phanerozoic. This hypothesis provides a straightforward explanation for invariant estimated upper-mantle oxygen fugacities of modern versus Archaean basalts 30 , despite proposals for an increase in mantle oxygen fugacity two to three billion years ago 31 owing to subduction of oxidized Archaean slabs-simply put, such slabs did not become substantially oxidized until the Phanerozoic oxygenation of the deep ocean. This hypothesis is consistent with proposed changes in the uranium isotopic composition of altered oceanic crust and the mantle with time 32 and is testable as follows. If correct, Fe 3+ /ΣFe ratios should be higher in Phanerozoic than in Precambrian island-arc rocks if arc magmas are oxidized (as some believe 22 ) owing to interactions with oxidized fluids derived from oxidized slabs.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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Data compilation. Ophiolite basalt Fe
3+ /ΣFe ratios were compiled from primary studies with reported FeO and Fe 2 O 3 values. Data are derived from samples described in previous studies either as subaqueous basalts from ophiolites or preserved oceanic crust. Samples were often identified using previous compilations of Phanerozoic and Precambrian ophiolites 18, [33] [34] [35] . Studies where Fe 2 O 3 values were calculated based on measurements of total FeO contents and assumed FeO/Fe 2 O 3 or Fe 3+ /Fe 2+ ratios were not used because the Fe 2 O 3 values were not independently measured. Additionally, data from Jurassic-Triassic-aged ophiolites in the Brooks Range, Alaska, described in ref. 36 , were not used. This study was not used because data were corrected for post-formational oxidative alteration by assuming a relationship between TiO 2 and Fe 2 O 3 content. Samples with excess Fe 2 O 3 relative to this relationship were assumed to have been altered (though whether this alteration occurred during seafloor alteration or later is not stated) and the excess Fe 2 O 3 was converted back to FeO in an attempt to restore the samples to their original igneous compositions. Problematically, which samples were corrected and the originally measured, uncorrected Fe 2 O 3 values are not given. As we are interested in a sample's Fe 2 O 3 value due to hydrothermal alteration, this study could not be used.
All ophiolite data are given in Supplementary Table 1 . We additionally provide in Supplementary Table 1 other major element data, sample descriptions, and age constraints.
For oceanic-basalt data from deep-sea drill cores, Fe 3+ /ΣFe ratios were compiled from cores taken by the Deep-Sea Drilling Program and its later iterations. Only data for samples older than 10 Myr were used because such samples are thought to have seen sufficient integrated fluid fluxes to reach near-maximum Fe 3+ /ΣFe ratios 17, 37 . Data were derived from original deep-sea drilling reports, as given in Supplementary Table 2 . Average values for cores are presented in Fig. 1 and were derived by weighting Fe 3+ /ΣFe versus depth relative to the depth span defined by the data. This was done to prevent a large number of samples measured from a specific horizon (for example from a vein) from carrying undue weight in the final average. Doing this generally resulted in minimal differences (<0.05) in final Fe 3+ /ΣFe ratios versus averaging all of the data. Continental volcanic data were compiled using a database of geochemical measurements 23 . We also included in this database Fe 3+ /ΣFe ratios from approximately 2-billion-year-old subaerial volcanic rocks recovered from drilling in Fennoscandia 38 . Only igneous rocks with SiO 2 compositions of 40-80 wt% were included in the original 23 compilation (which carries forward to our use of the database). Data were resampled and standard errors of the means for age bins of 100 Myr were calculated following the methodology described in ref. 23 This continental volcanic data set contains both subaerial and subaqueous volcanic rocks preserved on continental crust. 96% of rocks in the record younger than 100,000 years old are currently found above sea level (and thus probably formed subaerially). How the proportion of subaerial versus subaqueous volcanism changes over time in this database is unknown. However, it has been argued on the basis of abundances of preserved subaqueous versus subaerial large igneous provinces that a large increase in proportion of subaerial versus subaqueous volcanism occurred 2.5 billion years ago 39 (an increase from about 20% to 70%) with relatively stable proportions of subaerial versus subaqueous large igneous province formation from that point onwards. If proportions of subaerial versus subaqueous volcanism for samples from our database mirror the large-igneous-province record, then more than 60% of continental volcanics have formed subaerially since 2.5 billion years ago. If this is correct, then we consider it unlikely that the increase in continental volcanic Fe 3+ /ΣFe ratio values observed 2 billion years ago (Fig. 3) is linked to changes in proportions of subaerial versus subaqueous volcanism. Data smoothing. In Fig. 2 , a smoothed data distribution (given by the black dotted lines) is presented along with discrete histograms. This smoothed histogram was calculated using the default parameters of the stat_smooth function in the R statistical software package 40 . In Fig. 3 , a moving average for the continental volcanic data was given with 95% confidence intervals. It was made using the geom_smooth function with a span of 0.75 in the R statistical software package 40 .
Statistical testing. Whether mean Fe
3+
/ΣFe ratios of various age bins are statistically distinct or not was tested using pairwise testing with a P-value cut-off of 0.05, with <0.05 indicating that averages are distinct and >0.05 indicating they are indistinguishable. Two tests were used, the parametric Tukey-HSD test and the non-parametric Wilcoxon test. For the Wilcoxon test, we used the Holm P-adjustment method. All tests were performed using functions encoded in the R statistical software package 40 .
The P values for all pairwise tests are given below in Extended Data Tables 1 and 2 . Modelling dissolved O 2 concentrations. O 2 concentrations were calculated based on measured Fe 3+ /ΣFe ratios using a mass-balance-based model. This model assumes that a certain volume of crust is produced each year that will have potentially oxidizing seawater flow through it (generally restricted to the top 500 ± 200 m of igneous oceanic crust 17 ). It then assumes a certain average weight per cent of iron in the rock produced and uses a specific ophiolite's or average time period's Fe 3+ /ΣFe ratio value relative to an assumed initial value to calculate the amount of iron oxidized per year in oceanic crust. We assume that the initial Fe 3+ /ΣFe ratios range from 0.1 to 0.31 (with a uniform distribution); this is the range discussed in the main text for unaltered modern oceanic basalts.
We additionally account for the oxidation of igneous sulphur in oceanic crust. Our compilation lacks measurements of sulphur either in amount or redox state. We assume that all sulphur in the erupted igneous rocks is present as sulphide based on sulphide saturation in mid-ocean-ridge basalts 41 . To calculate the amount of sulphur oxidized in the samples, we assume (for lack of any other constraints) that the ratio of sulphur versus iron oxidation (in moles) observed in modern mid-ocean-ridge basalts has remained constant through time. Thus, from the shift in Fe 3+ /ΣFe measured in our samples, we can calculate the amount of sulphur that would have been oxidized as well.
We balance the O 2 demand indicated by moles of iron and sulphur oxidized in oceanic crust by an input flux of O 2 into oceanic crust from the deep ocean. This is calculated by multiplying the concentration of O 2 in the deep ocean by the flux of seawater into oceanic crust. As discussed in the main text, in doing this, we assume that all O 2 that is delivered into oceanic crust is consumed via the oxidation of reduced minerals, making our calculations of deep-ocean O 2 concentrations a minimum estimate because some fluids may emerge from oceanic crust with O 2 remaining. Since altered oceanic crust contains secondary minerals that formed in both oxic and anoxic environments 42 , it follows that fluids can lose all of their oxygen during circulation. We are unaware of any studies measuring the oxygen concentration of waters flowing out of oceanic crust into the ocean at temperatures <100 °C (hot hydrothermal fluids are anoxic), which would offer a means of testing this assumption.
An additional assumption made is that fluids flowing through oceanic crust today and in the past are sourced from waters that are representative of average deep-ocean water masses. Deep-ocean O 2 concentrations vary as a function of the integrated amount of respiration that has occurred in the deep ocean. , and typically are within ±80 μmol kg −1 of this number 16 . However, so-called 'oxygen minimum zones' exist in the ocean, where O 2 concentrations can decline 16 to below 10 μmol kg −1
. Such water masses are typically restricted to depths 43 shallower than 1,000 m. In contrast, modern spreading centres have typical ocean depths 19 greater than 2,500 m, and thus occur at ocean depths deeper than those at which oxygen minimum zones occur. Instead, fluids flowing through modern oceanic crust are derived from water masses with O 2 concentrations similar to mean deep-ocean (>1,200 m depth) O 2 concentrations 16 (180 ± 80 μmol kg
−1
). We note that the depths of oceans may have varied in the past, but the direction of change is unknown and debated 19 .
Thus we make what we consider the simplest assumption: that waters flowing through past oceanic basalts track average deep-ocean O 2 concentrations.
The full equation used to balance O 2 consumed versus O 2 supplied to oceanic crust is: We take the amount of crust generated per year that sees potentially oxidizing fluids to be 4.0 × 10 15 g yr −1 with a uniformly distributed error of ±1.8 × 10 15 g yr −1
